The avidity of IgG antibodies directed to Neospora caninum was measured using an IgG avidity enzyme-linked immunosorbent assay (ELISA) employing N. caninum proteins incorporated into immunostimulating complexes as antigen. In this ELISA, low-affinity antibodies were eluted by adding an incubation step with urea after the serum incubation. The antibody titers obtained with and without incubation with urea were then used to calculate the IgG avidity values. Analysis of sequential sera collected from experimentally infected calves revealed that the avidity increased during the course of infection. Three weeks after infection, the IgG avidity was 9-18%, and 24 weeks later it had increased to 58-76%. Cattle naturally infected for more than 6 months all had avidities Ͼ50%. The results in this study, however preliminary, indicate that the IgG avidity ELISA can be used to discriminate between recent and chronic N. caninum infections and may therefore be a valuable complement to IgG assays in epidemiologic studies of N. caninum infection in cattle.
Neospora caninum is a coccidian parasite closely related to Toxoplasma gondii, with which it was previously confused. 4 Neospora caninum is recognized as a major cause of infectious bovine abortion in many parts of the world, and the parasite has been described in a variety of other warm-blooded animals, including dogs, horses, and sheep. 6 The complete life cycle of N. caninum has not yet been established, but currently the congenital route is the only known means of transmission, and the parasite can be transmitted from a dam to its progeny during more than 1 pregnancy. 2 Epidemiologic data suggest that external or point source N. caninum infections have been the cause of abortion outbreaks in some dairy herds. 11, 15 However, such evidence is usually circumstantial because sera are most often not available from the time before the abortion outbreaks. Thus, methods for distinguishing between acute and chronic infections could be very useful for epidemiologic investigation of bovine neosporosis.
In the live animal, presence of IgG antibodies directed to N. caninum in serum indicates that an individual is or has been infected by the parasite. 6 IgG antibodies can persist at high levels for a long time and can fluctuate during pregnancy. 3, 8, 12 Therefore, the level of IgG antibodies or demonstration of rising antibody titers cannot be used to estimate if an individual suffers from acute or chronic neosporosis.
Measurement of avidity (functional affinity) of specific IgG antibodies is used to diagnose recent primary T. gondii infections in humans and to distinguish primary from secondary infections. 7, 9, 10 Avidity assays are based on the fact that the first antibodies synthesized after an antigenic challenge or primary infection have a lower affinity for the antigen than those produced later on.
In this paper, we describe how an N. caninum enzyme-linked immunosorbent assay (ELISA) utilizing proteins incorporated into immunostimulating complexes (iscoms) as antigen was modified to enable analysis of IgG avidity. The avidity ELISA was evaluated by analyzing sera from cattle experimentally and naturally infected with N. caninum.
Materials and methods

Sera
The following sera were used for evaluation of the assay. In all cases, the blood samples were collected by jugular vein puncture into Vacutainer-tubes without additives. The blood was centrifuged at 1,000 ϫ g for 10 min, and the serum was collected and stored at Ϫ20 C.
Eight clinically healthy 2-4-mo-old calves inoculated with N. caninum tachyzoites. Sera were collected sequentially from calves A-H. Calves A-D were intravenously inoculated with the Nc-SweB1 isolate. 14 Calves A and B were given 1 dose of 10 6 and 10 8 tachyzoites, respectively. Calves C and D were given 10 6 and 10 8 tachyzoites, respectively, during 3 consecutive days. Calves E-H were inoculated subcutaneously with 2.5 ϫ 10 8 tachyzoites of the Nc-1 isolate. 5 Figure 1 . IgG avidity values for 8 calves experimentally infected with N. caninum tachyzoites. Calves A-D were intravenously inoculated with the Nc-SweB1 isolate. Calf A(᭝) and B(Ⅺ) were given 10 6 and 10 8 tachyzoites, respectively. Calf C(ϫ) and D(⅜) were given 3 doses of 10 6 and 10 8 tachyzoites, respectively, during 3 consecutive days. Calves E(᭡), F(Ⅵ), G(ࡗ), and H(ⅷ) were inoculated subcutaneously with 2.5 ϫ 10 8 tachyzoites of the Nc-1 isolate.
Eleven congenitally infected cattle Ͼ6 mo old. These sera were collected in a herd of dairy cattle with N. caninum infection, as previously described. 2 The seropositive animals in this herd were all descended from 2 cows that were introduced to the farm 13 yr prior to the blood sampling. The accumulated evidence suggested that all these seropositive animals were congenitally infected.
Eleven naturally infected heifers. Three serum samples were collected from each of 11 heifers belonging to a herd of dairy cattle where N. caninum had been isolated from a stillborn calf. 14 All 1-yr-old animals in this herd were seropositive, irrespective of the serologic status of their mothers, indicating a single point source of infection. The exact time point of the infection was not known because the herd was not previously analyzed for N. caninum. The blood samples were collected from the 1-yr-old heifers within 1 mo after the first N. caninum-associated abortion was diagnosed and then at 12 and 24 mo later.
ELISA
The avidity ELISA procedure was a modification of a previously described procedure. 1 Neospora caninum iscoms were diluted to 1 g protein/ml in 0.05 M sodium carbonate buffer (pH 9.6) containing 0.05% NaN 3 and coated onto 96well microtiter plates. a The plates were incubated for Ͼ16 hr at 4 C and then blocked with 10% horse serum in phosphate-buffered saline (pH 7.4) containing 0.05% Tween-20 (PBST) for 1 hr at 37 C. The test sera were diluted in 2fold serial dilutions from 1:100 in PBST. One hundred microliters of the diluted sera were added in duplicate wells, and the plates were incubated for 2 hr at 37 C. After the plates were washed once with PBST, 100 l 6 M urea b was added to 1 and PBST was added to the other of the duplicate wells, and the plates were incubated for 5 min at 37 C. Following 2 washes with PBST, 100 l of a horseradish peroxidase-conjugated monoclonal antibody to bovine IgG1 c diluted in PBST with 1% horse serum was added to each well, and the plates were incubated for 1 hr at 37 C. After washing, 100 l of 0.10 mg/ml 3,5,3Ј, 5Ј-tetramethylbenzidine and 0.003% H 2 O 2 in 0.05 M acetate buffer (pH 5.0) were added and incubated for 10 min at 20 C. The reaction was stopped by adding 50 l 10% H 2 SO 4 , and the absorbance was measured at 450 nm. On each plate, sera from cattle not infected, chronically, and recently infected with N. caninum were included.
All absorbance values were correlated with positive control serum with a mean absorbance of 1.0 absorbance units, thus giving corrected absorbance values that were used for the further calculations. For each serum, 2 end point titers, 1 after incubation with urea and 1 without urea incubation, were calculated using A 450 ϭ 0.20 as the cutoff. These calculations were done as described 9 but using the dilution factor 2. The IgG avidity, expressed as the percentage avidity, was calculated as (end point titer with urea/end point titer without urea) ϫ 100.
Prior to final analysis, optimum assay conditions for the IgG avidity ELISA were determined by changing the number and the duration of urea incubations.
Results
In the experimentally infected calves, N. caninum antibodies were first detected 2 weeks after the infection. At this time, the IgG avidity could be estimated in sera from 2 of the animals. In the sera from the remaining 6 calves, the absorbance that was measured after urea incubation was Ͻ0.20 absorbance units. Three weeks after the infection, the IgG avidity was 9-18% in the sera from all 8 calves (Fig. 1 ). There was an increase in IgG avidity during the following weeks, and after 10 weeks the IgG avidity was Ͼ35% in sera from 7 of the calves and 29% in the serum from 1 calf (calf B). In the sera from 3 of the 4 calves from which blood was collected for another 17 weeks, the IgG avidity was Ͼ55% for the last blood sample. The sera collected from the cattle congenitally infected with N. caninum had IgG avidity values between 68% and 86% (data not shown).
For the 11 naturally infected heifers, when the first samples were collected sera from 5 of the heifers had IgG avidities between 32% and 34%, and the remaining animals had IgG avidities Ͼ35%. The IgG avidities in the sera collected in the 2 following years were all Ն50% (Fig. 2 ). There was a significant increase in IgG avidity between samples 1 and 2 (P Ͻ 0.001) and between samples 2 and 3 (P ϭ 0.01) when tested in an analysis of variance for paired data.
Discussion
The avidity of IgG antibodies directed to N. caninum was measured using an IgG avidity ELISA in which low-affinity antibodies were eluted by including an incubation step with urea after the serum incubation. The antibody titers measured with and without urea incubation were then used to calculate an IgG avidity value.
IgG avidity ELISAs have previously been used for diagnosis of T. gondii infections in humans, 7,10 and a low IgG avidity may be a good indicator of a recent primary T. gondii infection. 10 However, in other studies a low T. gondii IgG avidity in women persisted for at least 5 months after a primary T. gondii infection. 9 Thus, a low T. gondii IgG avidity did not indicate acute toxoplasmosis, but a high avidity value could be used to exclude an acute infection. 9 Furthermore, IgG avidity increases in cats and sheep after experimental infection with T. gondii. 13 In sequential sera from calves experimentally infected with N. caninum that were analyzed in the avidity ELISA, the avidity increased during the course of infection. IgG avidities could first be estimated 3 weeks after inoculation, and after 6 weeks the avidity was between 21% and 33% in all calves. Eight weeks after inoculation, 1 of the calves had an avidity of 53%, a level that 1 of the other calves had reached only during week 27. These results suggest that an IgG avidity Ͻ35% could be used as an indication of acute N. caninum infection. Avidities Ͼ50% were only seen in calves that had been infected for Ն8 weeks, and a high avidity value might therefore be used to rule out a recent N. caninum infection. However, as a consequence of the individual variation in avidity, analysis of paired sera collected weeks apart might be more helpful than a single point measurements when estimating recency of N. caninum infection.
The natural mode of postnatal N. caninum infection in cattle is unknown, and all experimental postnatal infections of cattle are achieved by parenteral administration of the tachyzoite stage of the parasite. 6 The mode of transmission, the parasite lifestage, and the number of the transmitted parasites differ from what is seen under natural conditions. Therefore, it is unclear whether the maturation course of N. caninum IgG in the calves in this study is the same as that found in naturally infected animals. However, the similarity in measured IgG avidity between the calves inoculated with 2 different N. caninum isolates by 2 different routes suggests that the IgG avidity ELISA could be useful for analyzing field sera.
To evaluate the ELISA further, sera from naturally infected cattle were tested. Eleven congenitally infected animals Ͼ6 months of age had IgG avidities between 68% and 86%. Three consecutive samples were also analyzed from heifers belonging to a herd from which N. caninum had been isolated in stillborn calf. 14 Five of the heifers had IgG avidities Ͻ35% in the first blood sample which was collected within 1 month after N. caninum infection in the herd was demonstrated. All serum samples collected during the 2 following years had avidities Ն50%. The distribution of animals seropositive to N. caninum in this herd, i.e., a majority of seropositive heifers descended from seronegative dams, suggests that external infection rather than congenital transmission was the infection route in this herd. However, the time of the exposure to N. caninum was not known because the herd had not previously been analyzed for N. caninum infection. Therefore, the 5 heifers with avidities Ͻ35% might have been infected more recently. There was an increase in IgG avidity during the 2 years that passed between the first and the third blood samples. In these naturally infected cattle, avidities Ͼ50% were seen in all individuals known to have been infected for Ͼ6 months, and a high avidity value might therefore be used to rule out a recent N. caninum infection. To evaluate the potential of the assay, investigations of the development of the avidity over time in naturally infected cattle are needed.
Because abortions most likely occur several months after a primary N. caninum infection, it is desirable to prolong the period during which a recent infection can be distinguished from a chronic infection. In T. gondii IgG avidity ELISAs used for cat and sheep, the length of time after infection during which low avidity levels are observed depends on the antigen composition. 13 Therefore, it would be worth investigating other antigen preparations in the N. caninum IgG avidity ELI-SA.
Although further studies are necessary to evaluate the potential of the avidity ELISA in epidemiologic investigations, the results in the present study indicate that it can discriminate between recent and chronic N. caninum infections and may therefore be a valuable complement to IgG assays in epidemiologic studies of N. caninum infection in cattle.
